In vitro serial passaging of nucleopolyhedroviruses often results in virus instability, leading to reduction of both yield and biological activity of polyhedra (virus occlusion bodies). In this study, uncloned Helicoverpa armigera single-nucleocapsid nucleopolyhedrovirus (HaSNPV) and cloned Helicoverpa zea single-nucleocapsid nucleopolyhedrovirus (HzSNPV) were each serially passaged five times in both low cost (VPM) and commercial (Excell 401) media using H. zea cell cultures. When the experimental data was analysed as a 2 3 full factorial design (testing two levels of virus, medium and passage number), the passage number was shown to have the most significant effect on polyhedra yield, while the virus-medium interaction had the most important effect on polyhedra biological activity. This interaction was most pronounced for HzSNPV, which experienced a dramatic decline in biological activity when switched from its original Excell 401 medium to the in-house VPM medium. This suggests that genetically homogeneous viruses are less able to adapt to perturbations in the nutrient environment, hence medium changes should be avoided. Therefore, it is important to standardise the scale-up process of nucleopolyhedrovirus biopesticides at the earliest stage of development, especially when it requires both a low cost medium and a plaque purified virus.
species with very significant insecticide resistance. Heliothine caterpillars can be effectively controlled using either H. zea or H. armigera single-nucleocapsid nucleopolyhedroviruses (HzSNPV and HaSNPV, respectively, Family Baculoviridae) (Moscardi, 1999; Murray, 2002) . Commercially available entomopathogenic baculoviruses are currently produced using insectaries (Moscardi, 1999) , but in vitro production in bioreactors is preferable due to its inherent reproducibility, reliability and scale-up potential. However, significant challenges must be overcome for the successful implementation of in vitro production systems, to achieve and maintain high yields and biological activity of polyhedra (the biopesticidal form of the virus). Firstly, serial passaging of wild-type baculoviruses often results in the so-called 'Passage Effect', manifested by a rapid selection for the Few Polyhedra (FP) over the Many Polyhedra (MP) phenotype, leading to reduced yield and biological activity of polyhedra Fraser and Hink, 1982; Hink and Strauss, 1976; Pedrini et al., 2004; Potter et al., 1976; Slavicek et al., 1996) . Since more than six virus passages are required for biopesticide scale-up (Rhodes, 1996) , the 'Passage Effect' could seriously hinder the commercialisation potential of a particular baculovirus. Virus stability and productivity are highly dependent on the virus isolate, and more stable isolates have in some cases been derived by plaque-purification that maintain optimal polyhedra production for larger numbers of serial passages (Slavicek et al., 1996 (Slavicek et al., , 2001 .
A second challenge of in vitro virus production is the requirement for a highly productive insect cell line (Jem et al., 1997) . Better polyhedra yields can be obtained by rigorous screening of available cell lines, whether they be heterologous or homologous, heterogeneous or cloned (Lynn and Shapiro, 1998; McIntosh and Ignoffo, 1981; Rice et al., 1989; Sohi et al., 1984) . Furthermore, the cell line itself may be a source of virus instability in the form of transposon-mediated mutagenesis (Fraser et al., 1985) . A third challenge is the requirement for a highly productive culture medium. Careful screening or formulation of media must be performed for a particular virus isolate-cell line combination, as different media can greatly affect polyhedra yields Goodwin and Adams, 1980; Lynn, 1999 Lynn, , 2000 Stockdale and Gardiner, 1977) and biological activity Slavicek et al., 1995) . Serum-free media have been developed that are just as efficacious as serumcontaining media in supporting not only baculovirus replication but also the production of polyhedra with normal virion occlusion critical for biological activity (Goodwin and Adams, 1980) . However, reported that while HaSNPV infections using H. zea cells produced three-fold more polyhedra in SF900II medium compared to serum-supplemented SF900II medium, the serum-produced polyhedra are twice as biologically active as their serum-free counterparts. In addition, cholesterol-limited media are shown to cause abnormalities in virion envelopment and occlusion within polyhedra, leading to reductions in polyhedra yield (Belloncik et al., 1997 ). An important constraint for the culture medium is that it should be both low-cost and serum-free, due to the high volume and low margin nature of biopesticides economics (Black et al., 1997; Greenfield et al., 1999; Jem et al., 1997; Rhodes, 1996) .
In this study, two different virus production systems were tested separately and together to elucidate the effects of and interactions between virus isolate, culture medium and passage number on polyhedra production stability and biological activity, which could provide useful insights for the commercialisation of Heliothine biopesticides. The two viruses are uncloned HaSNPV (HaSNPV-UQ, Isolate Ac53) and cloned HzSNPV (HzSNPV-CY, Clone #1), that were initially established in H. zea cell cultures using VPM and Excell 401 serum-free media (SFM), respectively. HaSNPV-UQ and HzSNPV-CY were provided courtesy of the Queensland Department of Primary Industries (Long Pocket Laboratories, Brisbane, Australia), and the American Cyanamid Company (Princeton, NJ), respectively. The H. zea cell line used in this study is BCIRL-HZ-AM1, which was originally derived from pupal ovarian tissue (McIntosh and Ignoffo, 1981) and was adapted to suspension cultures in both SFM for at least 10 passages before utilisation in experiments. VPM is an in-house SFM with a proprietary low-cost formula-tion. Excell 401 is a commercial SFM customed prepared for American Cyanamid by JRH Biosciences (Lenexa, KS).
HaSNPV-UQ and HzSNPV-CY were both serially passaged five times in their default medium, as well as in their counterpart's medium. Each virus passage was set up as 100 ml shaker suspension cultures agitated at 120 rpm and incubated at 28 • C. At each passage, the infection was established using 10% by volume of budded virus (BV) from the previous passage, with a final cell density at the time of infection (TOI) of 5 × 10 5 cells/ml and a multiplicity of infection (MOI) of around 2 PFU/cell. At 48 h post-infection, 50 ml of infected culture was pelleted by centrifugation at 100 × g for 10 min, after which 10 ml of recovered BV (supernatant) was used immediately to set up the next virus passage, while the remainder was stored at 4 • C for virus titration by plaque assay as previously described (Pedrini et al., 2005) . The remaining 50 ml of infected culture was incubated until 10 days post-infection for estimation of the polyhedra yield and biological activity. Uninfected cell controls seeded to 5 × 10 5 cells/ml were also set up at the same time as each virus passage, as a means of monitoring cell condition and media quality during the study. The passaging studies for both viruses were duplicated at different times to that of the original experiments. Cell and polyhedra densities were estimated using an improved Neubauer haemocytometer (Weber, Cambridge, England) and a phase-contrast microscope (Olympus, Tokyo, Japan). To obtain 15% relative error (95% confidence interval), triplicate counts were performed for each sample, with 200 particles counted per haemocytometer field (Nielsen et al., 1991) . Cell viabilities were estimated by Trypan Blue exclusion. The volumetric polyhedra yield was determined from infected cell culture samples after lysis in 0.5% SDS at 28 • C for 30 min. The peak specific polyhedra yield was estimated by dividing the peak volumetric polyhedra yield by the peak viable cell density post-infection.
Surface contamination bioassays of polyhedra were carried out using previously described techniques (Ignoffo et al., 1983) . H. armigera larvae were maintained from hatching on artificial diet at 25 • C at CSIRO Entomology (Canberra, Australia). The bioassay standard (A44EB1) was in vivo produced polyhedra derived from wild-type HaSNPV isolated from H. armigera collected at Brookstead, Queensland (kindly supplied by Dr. R. Teakle, Cooperative Research Centre for Tropical Pest Management, Brisbane, Australia). Briefly, 0.1 ml of polyhedra suspension in water was evenly dispersed over the surface of each diet-containing well (770 mm 2 /well) of multi-well trays. A single 24 h old larvae (mid 1st instar) was placed on each well when the diet had dried up, then the wells were heat-sealed with Mylar TM (Dupont, Wilmington, DE) using a household iron. All assays were maintained at 30 • C. Larval mortality was assessed at 3 and 10 days post-inoculation. Larvae that had failed to feed by 3 days after the start of the assays were not included in the analysis. Concentrations of polyhedra capable of causing mortality in 50% of the test population of insects (LC 50 ) were calculated using the probit analysis program POLO (LeOra Software, 1987, Berkeley, CA), and errors were expressed as the 95% confidence interval. The relative potency of the sample of interest (in vitro produced polyhedra) was calculated by dividing the LC 50 of the standard by that of the sample. Cell growth post-infection was between 1.5-and 3-fold (0.75 to 1.5 × 10 6 cells/ml) in most cases, and cells used for infections were in optimal condition since the uninfected controls exhibited daily doublings in cell density. Another observation from Fig. 1 was that cell viabilities from HaSNPV-UQ infections declined faster than those from HzSNPV-CY infections. For passages 3 and 4, cell viabilities of HaSNPV-UQ infections were below 60% by 72 h post-infection, while those for HzSNPV-CY infections were above 80% in the same time frame. This difference in infection kinetics appeared to be a function of the virus isolate alone, not medium changes. Fig. 2 illustrates the peak specific and peak volumetric polyhedra yields for serial infections from passages 3 to 5 using the four virus-medium combinations. Peak specific polyhedra production within these series of passages was not significantly different for HaSNPV-UQ/VPM infections, whereas it was significantly reduced for HaSNPV-UQ/Excell 401, HzSNPV-CY/VPM and HzSNPV-CY/Excell 401 infections (by 36, 53 and 59%, respectively). Table 1 The effect of three factors -virus isolate (A), medium (B) and passage number (C) -on the yield and biological activity of polyhedra, tested using a 2 3 full factorial experimental design with 8 combinations of A, B and C Selected experimental data from this study are summarised in Table 1 . This set of eight duplicated experiments represents a 2 3 full factorial experiment with three independent factors A (virus isolate), B (medium) and C (passage number), two factor levels (−1, 1) and two response variables (peak specific yield and relative potency of polyhedra). Statistical analysis of variance (ANOVA) at the 95% confidence level was applied to this data set using Minitab Statistical Software, Release 14 (Minitab Inc., State College, PA). Relative potency was chosen over LC 50 for ANOVA to minimise systematic biases from the data. The analysis results are summarised in Fig. 3 , which shows the normal probability plots for the three main (A, B and C) and four interaction (AB, AC, BC and ABC) effects on the peak specific yield (Fig. 3A) and relative potency (Fig. 3B ) of polyhedra. Effects with an absolute T-value greater than the critical T-value of 2.31 (T (0.05,8) ) or an F-value larger than the critical F-value of 5.32 (F (0.05,1,8) ) are considered significant at the 95% confidence level. The passage number exhibited a significant effect (T = −3.77, F = 14.22) on peak specific polyhedra production (Fig. 3A) . This result is consistent with the well-documented 'Passage Effect', whereby declining polyhedra yields are correlated with increasing passage numbers Fraser and Hink, 1982; Pedrini et al., 2004; Potter et al., 1976; Slavicek et al., 1996) . On the other hand, the virus isolate (T = −0.47, F = 0.23) and medium (T = −0.05, F = 0.003), as well as all two and three factor interaction effects, did not exhibit significant effects on polyhedra production (Fig. 3A) . With respect to the relative potency of polyhedra, the virus-medium interaction effect (T = 2.48, F = 6.13) was found to be significant, while the main effects from the virus isolate (T = −0.55, F = 0.31), medium (T = 1.02, F = 1.04) and passage number (T = −1.74, F = 3.03), and the rest of the interaction effects, were found to be insignificant (Fig. 3B ). The lack of significance of the main effects from virus isolate and medium suggests that both HaSNPV-UQ and HzSNPV-CY, and both VPM and Excell 401 media, are similar in terms of the level of productivity and biological activity of polyhedra supported.
The importance of the virus-medium interaction on biological activity is best illustrated in Table 1 . With respect to a particular virus isolate, the relative potency of polyhedra pro-duced in the non-default medium was significantly lower than that of polyhedra produced in the default medium when comparing infections at the same passage number. In particular for HaSNPV-UQ at passage 3, the relative potency of polyhedra pro- Fig. 3 . Normal probability plots of the standardised effects from statistical analysis (α = 0.05) of a 2 3 full factorial experiment with three factors A (virus isolate), B (medium) and C (passage number) and two response variables: peak specific yield (A) and relative potency (B) of polyhedra. The main and interaction effects are indicated as either significant ( ) or non-significant (᭹). duced in the non-default Excell 401 medium was only 48% of that of polyhedra produced in the default VPM medium. Even more dramatically for HzSNPV-CY at passage 3, the relative potency of polyhedra produced in the non-default VPM medium was only 3% of that of polyhedra produced in the default Excell 401 medium. Hence, a genetically homogeneous virus such as HzSNPV-CY is much less adaptable to changes in the nutrient environment compared to a genetically heterogeneous virus such as HaSNPV-UQ. In particular, this decline in polyhedra potency on medium switching is likely an adverse response to a radically different nutrient profile (e.g. pure amino acids being substituted by protein hydrolysates in VPM medium), rather than to nutrient limitation of medium as described by Goodwin and Adams (1980) , since medium alone does not exhibit a significant effect on polyhedra potency according to statistical analysis. Previous studies have demonstrated a strong correlation between the accumulation of FP mutants and declines in both biological activity and yield of polyhedra Fraser and Hink, 1982; Mackinnon et al., 1974; Potter et al., 1976) . In this study, medium changes alone caused a significant decline in biological activity but did not cause a significant reduction in polyhedra production (Table 1 ). This finding suggests that nutrient perturbations result in the generation of defective polyhedra via a mechanism that is unrelated to the well-documented FP mutation-an issue that deserves further investigation. The findings from this study have general implications for the commercialisation of polyhedra production since a low cost medium such as VPM is an economic prerequisite. Hence, if plaque purification is to be employed as a means of obtaining a more stable and productive virus, it should be performed in the same low cost medium that is used for scale-up of the biopesticide process.
